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Abstract

Advanced high-temperature cooling applications such as heat-pipe-cooled leading edges
may often require thelevated-temperature capability of carbon/silicon carfEl&iC) or
carbon/carbon (C/C) composites in combinatrath the hermetic capability ometallic
tubes. In somapplications, it may be advantageousaeprocessnetallic tubeswith the
composite. Under thoseconditions, it is important to understatite effect of theharsh
environment ofco-processing anddditional thermalexposure orthe metallictubes in
contact with carbon and silicon carbide. In theper, theeffects of C/SiQusing pyrolytic
carbon(PyC) and CVI SiC processing steps) and C/C on tutasicated fromseveral
different refractory metaleere evaluated. ThoughMo, Nb, and Revere evaluated in the
present study, the primary effort was directed toward two alloys of ModReely, arc cast
Mo-41Re andpowder metallurgyMo-47.5Re. Samples dhese refractory metalsere
subjected to either thryC/SiC deposition oembedding in C/C.MoSi,(Ge), R512E, and
TiB, coatings were included on several of the samples as potdfitision barriers. Also,
several of these samples were exposed to time at temperatwadauan agontrols. The
effects of theprocessing andhermal exposure onthe sampleswere evaluated by
conducting burst tests, microhardnesssurveys, and scanning electron microscopic
examination (using either secondary electron or back scattered electron imaging and energy
dispersive spectroscopy). The results shothatla layer of brittlevio-carbide formed on
the substrates of bothe uncoatedo-41Re andhe uncoated Mo-47.5Reubsequent to
the C/C or the®?yC/SiC processing. Botine R512E andthe MoSi,(Ge) coatingswere
effective in preventingnot only the diffusion of Cinto the Mo-Re substrate, but also the
formation of the Mo-carbides. However, Mo-silicide layers formed on théMo-Re
substrates as a resultthe chemical interactiowith both the R512E andthe MoSi,(Ge)
coatings. This Mo-silicide layegrew with heat treatmetitne, albeit at a slower rate than
the Mo-carbide layer in the uncoated condition, ingsreduced theeffectivethickness of
the substrate. Thaevelopment of lateralnd transverse cracks in tR®12E coating may
have diminished the efficacy of that coatingFor the Mo-47.5Re alloy, burst strength
degraded moderate(yelative to theuncoated condition) when the alltybeswere coated
with either MoSi,(Ge) or TiB. The degradation imurst strengthwas more drastic
subsequent tthe coating followed by thByC/SiCdepositionwith the degradation from
TiB, being moresevere tharfrom MoSi,(Ge). MoSj(Ge) thusappeared to be more
effectivethan TiB, as a diffusion barriecoatingfor Mo-47.5Re. However,none of the
coatingswere effective at preventirigoth C and Si diffusionvithout some degradation of
the substrate.
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Introduction

Ceramic matrix or carbon/carbon composite (generically termed refractory composite herein)
structures with embedded refractory-metal tubes may have numerous high-temperature applications.
One suchapplication isfor light-weight heat-pipe-cooled leadingdges with high-heat-flux
capabilities, where refractory-metabes embedded ime refractory-composite structuserve as
the containergor liquid-metal heapipes. Refractorynetals are utilized since they exhibigh
melting points and high strengthsedvatedtemperatures, and catso withstand higlprocessing
temperatures required for manufacturing refractory-composite materiatéddition, theyhave the
ability to be hermetically sealed enabling leak-free operation.

One ofthe complications encountered embedding a refractory-metal tube in a refractory-
composite structure ilack of chemical compatibility between the twaaterials. Many of the
refractory metaldorm carbides or silicidesvhen in contact withcarbon or silicon atlevated
temperatures. The formation of carbides or silicidesloaer thestrength anductility of the
refractory metal. In additiofor heat-pipe applications, carbon or silicon na#yuse through the
metal tube (i.e., heat-pipe container) and contaminate the heat pipe.

The Appendixpresents a briebverview of literature thatexistswith respect to laboratory-
based physical metallurgy aspects of refractory-metal compatibitityC and SiC, and theuse of
variousdiffusion barrier coatings tminimize the unfavorable interactions between the metals and
the refractory composite. It is nevertheless importastudythe effectiveness diffusion barrier
coatings on refractory metals and alloyspadcticalconcern. Concurrently, it is also pertinent to
evaluatethe mechanical integrity aduch systems comprisine refractorymetal, the diffusion
barrier coating, and the C orSiC environmentbefore and afterexposure totargeted high-
temperature environments. It is with this objective that the present study was undertaken.

This report discusses an evaluation of the effects of pyrolytic cgRydd) followed by SiC
deposition, and C/C on several different refractory metals. Pi&#SiCdeposition, representing a
C/SIC densification processyas applied by HoneywelAdvanced Composites, Inc(HACI),
Newark, DEand the C/Cprocessingwas performed byCarbon-CarborAdvancedTechnologies
(C-CAT), Fort Worth, TX. Therefractory alloysevaluated weréd/lo-Re, Mo, Nb, and Revhich
were formed into tubes byarious processes. R512E (a proprietdfg, Si, Cr-rich coating
deposited byHitemco), TiB, and MoSi,(Ge) coatingswere applied to the refractory metals as
potentialdiffusion barriers.The methods okvaluating the effectiveness of theatings and the
effect of the C an®iC on the refractory metalsvere metallurgical characterizatiomcluding
micorhardness and SEM, atmlirst test. Theresults ofthe metallurgical characterization are
discussed first, followed by the results of the burst test.

Metallurgical Characterization

R512E, MoSj(Ge), and TiB diffusion barrier coatingsrere metallurgically characterized on
several different refractory metaisr their ability to protect thenetallic substrate frondetrimental
effects of C and Si diffusion and reactions. Sample® characterized in the uncoated, as-coated,
and as-coateglus heat treated conditiondoth with and without simulatedC/C or C/SiC
processing. A discussion tfe characterization of each coating on various refractory-allwgs
follows, with theresults forthe uncoated conditionyvhereverpossible, serving as the baseline for
comparison. The discussion details the changes in physical and chemical nature of the coatings and
substrate microstructures in so far as these changesltimgtely affect the mechanicpfoperties
of the refractory-metalubes. The metallurgical characterization was limited to sthedy of Mo,
Mo-41Re, and Mo-47.5 Re tubes.



The appearance of the tubes after the PyC/SiC deposition was quite varied and appeared to be

significantly affected by the presence of a diffusion baowtating. A photograph of amcoated

AC Mo-41Re “D-shaped” tube (#17) after PyC/SiC deposition is shown in Figh&radius of

the curved portion of the tube is 0.3 in, and the tube segment is 1-in. Thegurface ofthe tube

was very rough, but in general, tRgC/SiCremained attachedThis is in stark contrast to a TjB

coated AC Mo tube with PyC/SiC depositsipwn in Fig. 2where thesurfacewas very smooth,

but the outer layer spalled. THB-shaped” tube, againwith a 0.3-in. radius, isshown in the

center of Fig. 2, and pieces of PyC/SiC layers that spalled are shown above and below the tube.

Fig. 1 Photograph of uncoated AC Mo-41Re “D-shaped” tube after PyC/SiC deposition (#17).

Fig. 2 Photograph of TiB, coated AC Mo “D-shaped” tube after PyC/SiC deposition (#24).

The uncoated PMMo-47.5Re surfacappearance afté?yC/SiC deposition (Fig. 3poked
very different from the MoSi,(Ge) coated PM Mo-47.5Re surface (Fig. 4fter PyC/SiC
deposition. There were no large spalled sectiortedruncoated conditiofsee Fig.3), but avery
rough surface.The surface roughnesdue to thePyC/SiC onthe uncoated PMVo-47.5Retube
(Fig. 3) was much larger than on the uncoated AC Mo-41Re tube (Fig. 1). As with theodtéd
AC Mo tubewith PyC/SiC deposition, thePyC/SiC onthe MoSi,(Ge) coatedMo-47.5Retube
spalled (see Fig. 4) and left a relatively smooth surface.

From the above photographs, it is clear that the PyC and SiC layers adhere to Mo and Mo-Re
surfaces in significantly different manners depending on whether theatdesated or natith a
diffusion barrier. Thouglthe photographsndicategrosslevels ofadherence of theyC and SiC



layers, they danot provide an indication of coating adequacy or inadequacy. s&aral coated
samples, a spalled layer waresent. The uncoated AC Mo-41Re¢hough it had avery rough
surface, did not have significant spallation or flakes. Finalghauld benoted that thespalling of

the PyC/SiC would be very different if the tubes were embedded and processed in a fiber preform.

Fig. 3 Photograph of uncoated PM Mo-47.5Re tube after PyC/SiC deposition (#28). (Outer
tube diameter is 0.197 in.)

Fig. 4 Photograph of MoSj(Ge) coated PM Mo-47.5Re tube after PyC/SiC deposition (#23).
(Outer tube diameter is 0.197 in.)

Materials and Coatings

The variables irthis studywere therefractory metals and alloybat wereformed into thin
wall tube specimengrotective coatings, environmefaionstituent materialsom C/C or PyC/SiC
processing), and thiermalexposuretiime and temperaturdzach of these variables significantly
influenced the metallurgical condition and mechanical properties of the material.

A full factorial testmatrix, attempting tostudy the interplay ofall the various materials,
processes, andheat treatment variables, wamt feasiblefor this study so onlyselected
combinations of theariables were evaluated. Theope of thisnvestigation in relation to metals
and alloys, protective coatings, environment (C and/or SiC), and heat treatment time and temperature
used in the study, igiven in Table 1. Table ihdicates the conditioning of the tukesreceived,
coated with PyC/SiC, embedded in C/C, and exposure for some time at a specific temperature, T(t)).

The refractory metals and alloysed inthe metallurgical characterizatisudyincluded arc
cast (AC)- and powder metallurgi?M)- derivedproducts. BotlD-shaped” and circular tubes
were evaluated. The different refractory metals evaluated were:

* AC Mo-41Re

* PM Mo-47.5Re

* AC Mo
The AC Mo and Mo-Re tubingias drawn by Thermo Electron Tecomet in Wilmington, MA and
the PM Mo-47.5Re tubes were fabricated by Rhenium Alloys, Elyria, OH.

The following three diffusion barrier coatings were evaluated:
* TiB
« MoSi,(Ge)
* R512E



The TiB, coating was applied by Applied Technologies Coatifgst Worth, TX, usingthe CVD
process. The MogiGe) coatingwas applied byDr. Robert Rapp at Ohi&tate Universityusing

the pack cementation process. M@Se) is essentially a MoStoating doped with Ge timprove

the coefficient of thermal expansion (CTE) compatibility when applied to certain refractory metals.
The R512E coating is an Fe, Si, Cr-rich coating, previously utilized on Mo-41Re embedded in C/C
and was applied by Hitemco, Bethpage, NY using a slurry process.

The various refractory metal tubes were evaluated in the following conditions:

* uncoated (no diffusion barrier coating)

* coated (TiB, MoSi(Ge), or R512E)

» PyC/SiC deposition

» embedded in C/C

» exposed for 200 hours at 2000°F inaeuumatfter PyC/SiC deposition (botboated with a
diffusion barrier coating and uncoated)

» exposed for0.5, 2.5, 8,and 32hours at 2300°F in aacuumafter R512E coating and
embedding in C/C.

Table 1. Material and Processing Conditions Characterized

Refractory Metal Tube

AC Mo-41Re PM Mo-47/Re AC Mo
Uncoated
as received
as received + T(t) asceived as received
PyC/SiC PyC/SiC PyC/SiC
PyC/SiC + T(t) PyC/SiC + T(t)
CIC + T(t)
Coated
MoSi,(Ge) ageceived as received as received
PyC/SiC PyC/SiC
PyC/SiC + T(t) PyC/SiC + T(t) PyC/SiC + T(t)
R512E aseceived
C/C
CIC + T(t)
PyC/SiC
TiB, as received as received
PyC/SiC PyC/SiC
PyC/SiC + T(t) PyC/SiC + T(t)
R512E Coating

The Hitemco R512E coating on ACMo-41Re was characterized in several different
conditions by scanning electron microscof8EM) and microhardness. The Mo-41Re was
characterized in the following conditionsith the specimen number in parenthesis following the
conditioning:

Uncoated (#5)

Uncoated, embedded in C/C, and exposed at 2300°F for 8 hr (#57)

As coated with R512E (#50)

Coated with R512E and embedded in C/C (#51)

Coated with R512E, embedded in C/C, and exposed at 2300°F for 0.5 hr (#52)
Coated with R512E, embedded in C/C, and exposed at 2300°F for 2.5 hr (#53)



» Coated with R512E, embedded in C/C, and exposed at 2300°F for 8 hr (#54)
» Coated with R512E, embedded in C/C, and exposed at 2300°F for 32 hr (#55)

Back scatter electro(BSE) imageswere obtained togethewith x-ray elementalmaps to
identify morphology and chemistries thfe coating andubstrate. The BSE images rely on the
atomic number contrast in order to reveal details in a microstructure. Microhardnesgrofdpt)
using a 25 gload in conjunctionwith a Knoop indenter, wereperformed to corroborate the
chemistry information and taestimate the depth of contamination in teabstrate. The
contamination in theubstratevas due tcelementaldiffusion consequent tthe coatingprocess
and/or the 2300°F heat treatment.

Fe, Crrich

e
i ,, '..*;rl..;-':_:":_I-."‘tf.".. __ d
: [ L L BC
Si rich
: WA fiat o )
P 'MO’I g LTS ek | : SR A
3 ' Mo silicides
‘Mo-41Re '

L4

Fig. 5 SEM micrograph of R512E-coated AC Mo-41Re in the as-coated condition (#50).

The R512E coatingvascomposed of at leadive layers, asshown in Fig. 5.The layered
structure resulted fronthe coatingprocess stephat involvedheating the coatedubstrate at
approximately 2600°F for 2 hr. X-ray elemental maps of the coating are shown inwigeré,the
light colored dots represent a high concentration of the speeietent. Layefa’ in Fig. 5(~4-
pum thick), immediately in contact with thdo-Re substrate, was substantially rich in Mo and Si,
and appeared to be composed of a mixture ofSvland MQSi,. Layer‘b” (~10-um thick),
adjacent to layeta’, was generally rich in Mo an8i, and had a hardness ®80#94 KHN.
Layer ‘c’ (~25um thick) was substantially enriched $1, and had a high hardness2#61+336
KHN. Layer‘d’ appeared to be similar in chemistry to lay®r Layer‘e’, with ahardness of
1424147 KHN, was predominantly Fe and Crhe elementak-ray maps for thidayer indicated
that compositionagradients existewith respect to both Fe ar@r. The scatter in théardness
valuesfor these various layerstems fromchemical inhomogeneitiegnd thusattested to the
complex nature of the layered structure of the coating.

In contrast to the inherently compléR512E coatinglayer, the Mo-Re substrate was
predominantly a single phase microstructure with a grain size qim4ihd a hardness of 4426
KHN. The hardnesscatter in thesubstrate isndicative ofhardness differences due to grain-to-
grain differences in orientation dflo-Re crystals.The presence of inter-dendritshrinkage
cavities in the general microstructure appeared to be intrinsic fordbess ofarc casting the alloy
billets prior to their fabrication intdVlo-Re tubes. It ipertinent to note that theharp edges of
these inter-dendriticavities are potentiatressrisers, and hence their presenceletrimental to a



ductility-based mechanical property such as burst strength. In other words, in the absence of these
shrinkage cavities, the strength of uncoated Mo-Re is likely to be significantly higher.

Fe Cr Si

Fig. 6 Elemental x-ray maps of R512E-coated AC Mo-41Re (#50).

Mo carbide
reaction layer,
~ 65-pum thick

JEOL 1 Bk L

Fig. 7 SEM micrograph of uncoated AC Mo-41Re with C/C deposition (#57). Inter-dendritic
shrinkage cavities can be seen in the Mo-Re substrate.

The BSE images of the uncoated Mo-41Re tube embedded ire@@led theresence of a
~654m thick Mo-carbide region in theubstrateadjacent to th€/C interface(seeFig. 7). This
transformed region, with a lamellar morphology, had a hardness value in the rd@® @b 2430



KHN. In order torationalize the development diiis hard region irthe uncoated sample, it is
instructive to view the binary Mo-C phase diagram (See 8) for plausible interactions of @ith
Mo in the substrate. The isotherm correspondintpé®300°Fheat treatment temperature typical
of the C/C depositiomprocess is superimposed tre figure. Thephasediagram indicates the
presence of a eutectoid reaction2d92+36°F for compositions beyond 5wt.% C. The
decomposition products on cooling througlewtectoid transformation temperature tygically
associated with a characteristic lamellar morphology. The eutectoid constituentio-thesystem
is comprised of a mixture ofMo,C and MoC. The carbides arkard and brittle. Irthe absence
of a coating, thereforsubstantial C enrichment of tisebstratecan take place rapidiguring the
2300°Fheat treatmenthus rendering a&ignificant portion of the normallguctile cross-section
brittle through carbide formation. The presence of such a brittle layer can rapidly degradesthe
strength. Beyond the carbidic region, the hardness profile in the substrate leyeigigoff to the
Mo-41Re base hardness of 4BD KHN (which incidentally, was the same fis the R512E
coated condition discussed previously).
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Fig. 8 Mo-C binary phase diagram.

Hardness depth profiles of the Mo-41Re substratsdeeraldifferent conditions arehown
in Fig. 9. Notethat theorigin of the hardnesgrofile is at the substrate/C/C interfaffer the
uncoated sample) or at tlsebstrate/R512Enterface (for the coatedsamples). The uncoated
sample showed a carbide region over the firstpr6Slepth (se€ig. 7). The thickness of the Mo-
carbide region, as determined from the BSE image, was fully corroborated figtéairegion of
the depth profile in Fig. 9. This plateau region had high hardeésae tothe substrate, and can
therefore be expected to be less ductile than the Mo-Re subatratiethe coated samples, on the
other hand, indicated no significant increase hardness othe substrate(with measurements
startingbelow theMo-silicide layer). It isthusapparent that thR512E coating did significantly
prevent Cfrom diffusinginto theMo-Re substrate, but at theost of a high hardneddo-silicide
layer formation.

The hardness of the substrate varied slightly with coating and exgiserasshown in Fig.
10. The Mo-41Re inthe uncoated conditiomyith a substrate hardness of 436 KHN, had a
microstructure similar to that of tido-Re substrate ithe R512E-coated sample. The inherently
lower hardness of the coated sample comparedatdor the uncoated conditiosuggestghat the
coating process (togetheiith the firing at 2600°F) bringsbout a thermally inducesbftening of



the Mo-Re substrate as shown in Fig. Ithe moderate but measurable increase irstistrate
hardness fothe coated anéxposed sample@vith respect to thator the as-coated condition)
suggests small levels of possible Si contamination.

1 1 1 1 1
.\\ Uncoated, embedded in
- w’\v‘\\ / CIC, heated 8 hrs at 2300°F
[ ]
Mo-carbide \0 g |~
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a- #54:as-coated+C/C+8hrs @2300iF
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Distance into Mo-41Re substrate, x, um

Fig. 9 Microhardness depth profile of coated and uncoated Mo-41Re substrate.

Increasing the time of the heat treatment affected thetltoating characteristics and the Mo-
Re substrate.The samples coatedith R512E,unlike the uncoated sample embeddedCie,
showed no carbidic region. The presence ofRB&2E coatinghusappeared t@revent Cfrom
diffusing into theMo-Re substrate. Faaill the heat treatment times, tRb12E coating on the
2300°F exposed samples embedded in C/C showalitatively thesame layered structure as for
the as coated conditiodiscussedabove. Howeverthe thickness ofthe Mo-silicide layer
(corresponding to Mg&i and MQ@Si;) increasedvith increasing exposurime, asshown in Fig.
11. Correspondingly, there was a decrease in the Si-enriched layercleghigsuggestghat with
increasing duration of th2300°F exposure, diffusion gradientgere set up such as toause
depletion of Si fromthe Si-rich layer and a concomitant growth of the Mo-silicide layer on the
substrate. The growth of this brittle silicide layer was at the expense of the Mo-Re substrate.

In contrast to a thickness e#%65 um of the carbide layer that developed in the uncoated
sample during 8 hr dfieat treatment at 2300°6nly ~5.5um of the Mo-silicide layedeveloped
during the same duratiofor the coated sample. ThHwrdnessdepth profiles inthe substrate
indicated no significant concentration gradients due tdiffision. However,the moderate but

10



measurable increase in tlsebstrate hardnessith respect to thafor the as-coated condition
suggests (see Fig. 10) small levels of possible Si contamination.
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Fig. 10 Microhardness of AC Mo-41Re substrate.
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Fig. 11 Mo-silicide layer thickness in AC R512E-coated Mo-41Re as a function of time at
2300°F.

An SEM micrograph of an R512E-coated Mo-41Re sample embedded in ChHéaiad for
0.5 hr at 2300°F in a vacuum is shown in Fig. 12. It is readily theg¢hoth lateraland transverse
cracksdeveloped irboth the R512E coating anthe Mo-silicide layer. These cracks tended to
grow with increasingtime of heat treatment.Thus, eventually the coating became ineffective in
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preventing C diffusion into the substrate. In addition, the silicide gertended to debonthus
increasing the thermal resistance to heat flow.

Mo-41Re substrate

R512E coating with lateral
and transverse cracks

18k

Fig. 12 SEM micrograph of R512E-coated AC Mo-41Re embedded in C/C and heated for 0.5
hr at 2300°F (#52).

MoSi,(Ge) Coating

A Ge-dopedMVoSi, coating was applied to AC Mo-41Re, AC Mo, and R¢-49.5Re by
Dr. Robert Rapp of Ohidstate University. TheMoSi,(Ge) coating was applied by a pack
cemetation process.After the coating was applie®yC/SiCwas deposited osome ofthe tubes
by HACI. An analysis of the Mo and Mo-Re alloys, with and without the coating, follows.

AC Mo-41Re

AC Mo-41 Re tubeswith and without the MoSi,(Ge) coating were characterized in the

following conditions:

» Uncoated (#5)

» Uncoated with PyC/SiC deposition (#17)

» Uncoated with PyC/SiC deposition and exposed at 20y 200 hr (#31)

* MoSi,(Ge)-coated (#13)

* MoSi,(Ge)-coated with PyC/SiC deposition (#15)

» MoSi,(Ge)-coated with PyC/SiC deposition and exposed at°Z0fad 200 hr (#16)

On the uncoated sampigith PyC/SiC deposition, a Mo-carbide reaction layer formed
adjacent to the Mo-Re substrate. It is thlesr that in the absence opeotectivebarrier coating,
the PyC/SiC processing was associatétl undesirable substrate/PyC/Si€actionproducts. The
Mo-carbide layer was brittle and thus representeabs of effective load-bearingcrosssection for
the substrate. Furthdhe thickness otthe Mo-carbide layer increasém aninitial 5 um to 20
pm after the 2000-/200 hr heat treatment (see Fig. 13). In contrast, on the coated sample (see Fig.
14) the MoSi,(Ge) coating appeared to ledfective in preventingarbon fromthe PyC/SiC layer
from diffusing into, and reactingvith, the Mo-Re substrate. As i@sult, noMo-carbide layer was
observed. On the other hand, Si from the M) coating appeared to react with Mo in the Mo-
Re substrate forming a Mo-silicide layer. Furth@e thickness of thigeaction layer increased
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with heat treatment time. Asrasult of the Mo-siliciddayer, and perhaps because of its CTE
incompatibility with the substrate, extensive cracks developed at the coating/substrate interface in the
200C0F/200 hr heat treated sample.

Mo-Re substrate

JEOL 1KY

Fig. 13 SEM micrograph of uncoated AC Mo-41Re with PyC/SiC deposition and heated at
2000°F for 200 hr (#31).

Sirich layer

P

Coating

Si deﬂeted layer, ~ 10-um thick

._ Substrate

Fig. 14 SEM micrograph of MoSi(Ge)-coated AC Mo-41Re with PyC/SiC deposition and
heated at 2000°F for 200 hr (#16).

13



PM Mo-47.5Re

PM Mo-47.5Re samplewith and without MoSi,(Ge) coatingswere characterized in the
following conditions.

- Uncoated (#3)

- Uncoated with PyC/SiC deposition (#28)

- Uncoatedwith PyC/SiC deposition anteat treated in a vacuum 200C0F for 200 hours
#29

. E:oat)ed with 17um MoSi(Ge) (#2)

- Coated with 17um MoSi(Ge) with PyC/SiC deposition (#23)

- Coatedwith 17 pm MoSi(Ge) with PyC/SiC deposition antleat treated in a vacuum at
200CF for 200 hours (#34)
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Fig. 15 Hardness depth profiles as a function of depth into the substrate for various
conditions of PM Mo-47.5Re.

In the uncoated condition, theardness othe Mo-47.5Re substrateavas 44535 KHN.
Microhardness depth profiles the substrates fowarious conditions are presented fig. 15.
With reference to Fig. 15, it is clear that without a diffusion baogating, the2000°F/200 hrheat
treatment produced a 50-§@a thick, hard,andbrittle Mo-carbide layebetween thesubstrate and
the PyC/SiClayer. Thex-ray elementalmaps for thiscondition are presented fig. 16. With
respect to the SikKmap therein, it is evident thatl4{um thickness ofthe Mo-Re substrate is
affected by Sidiffusion. Of this, thefirst ~64um thickness appears to be comprised of a Mo-
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silicide layerwith a distinct mottled appearandgsee the corresponding BSEmage), and the
remaining 8gm thickness a Mo-Re-Si solid solutiohhe presence of the originRlyC layer is
evidenced by the vertical strip of high carbon intensity on the extreme left side of theapKThe
ubiquitous presence of carbontire CK, mapalso attests to substantial carbon diffusion in the
Mo-Re substrate as a result of the heat treatment.

In contrast to the uncoated condition, MeSi,(Ge) barrier coatingeffectively prevented the
Mo-carbide formation. The substrate hardness for the various conditions are plotted as a bar graph
in Fig. 17. Even when the sample was M@&e) coated with no PyC/Si@eposition, the nominal
substrate hardness was substantially higher than the uncoated conditicgleniém®alk-ray maps
for this sample are presented kig. 18. The Six-ray map thereinshows a ~1@m thick Si-
depleted region within the original Mg@be) layer at the coating/substrate interfacepe@eivable
Si diffusioninto thesubstrate is apparenfhe substantial increase in teabstrate hardness for
this condition is thereforékely to be due to rathecopious amounts ofhe x (MoRe) phase,
brought about by the high-temperature effects associated with the coating process. The presence of
the Si-depleted layer within the Mg@se) layer also implies thioSi,(Ge) isunstablewhen it is
in contact with the Mo-47.5Re substrate at the coating temperatur@sldition, cracksparallel to
the coating/substrate interface were apparent within the coating.

C  — Mossilicide
Mo-Re-Si

Mo BSE image

Fig. 16 Elemental x-ray maps for uncoated PM Mo-47.5Re with PyC/SiC deposition and heat
treated at 2000F for 200 hr (#29).

In comparison with the uncoated condition, iseéenthat theMo-47.5Re substrate hardness
was markedly highewhenever thesampleswere embedded irPyC/SiC (and subsequentheat
treated) whether they were Mg@&e) coated or not (see Fig. 17). When the tube was embedded in
PyC/SiC but notcoated, thehardnessncrease appeared to be related to difusion of both
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elemental Sand C from PyC/SiGnto the substrate. Bythe same token, when the sample was
coated with PyC/SiC subsequentMoSi,(Ge) coating, thehardnessncrease stemmed essentially
from Si diffusion into the substrate. This is amply demonstrated irlBjgvhichshowsthe x-ray
maps for the Mo${Ge)-coated and the PyC/SiC-embedded sample, subseqlea2@)CF/200

hr heat treatment. It is clefrom this figurethat the original 17#m thick MoSi,(Ge) coating
totally disappeared in addition to migration of large amounts air@y from the PyC/SiCinto the
substrate. The substrate appeared to be substantially enricheddiis&ia~104um thick, freshly
formed Mo-silicide layer was observed as shown in Fig. 20.

For the 2000°F/200 hrheat treated condition, Re-rich precipitdi@sned either at the grain
boundaries owithin the alloy matrix(see Fig. 20). As pe&he Mo-Re phasealiagram,this alloy
was in the two-phase regiavith (Mo) andx as the equilibriunphases. (Mo) is a Mo-Re solid

solutionwhile thex phase is an intermetallic with the ReMo compositionThe 2000°F/200 hr
heat treatment appeared to readily favor the precipitation of tthase, thus conforming the alloy

to equilibrium conditions of alloy stability. Grain boundaryprecipitation of intermetallic phases,
in general, may have a detrimental effecegantual ductilityproperties of the substrategardless
of whether the substrate is coated or uncoated.
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Fig. 17 Substrate hardness of Mo-47.5Re in various conditions.
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Si-depleted layer

substrate

MoSi,(Ge)

Re 10 pm BSE image

Fig. 18 Elemental x-ray maps for MoSi(Ge)-coated PM Mo-47.5Re (#2).
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Fig. 19 Elemental x-ray maps for MoSj(Ge)-coated PM Mo-47.5Re with PyC/SiC deposition
and heat treated at 2000F for 200 hr (#34).
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Fig. 20 SEM micrograph of MoSj(Ge)-coated PM Mo-47.5Re with PyC/SiC deposition and
heat treated at 2000°F for 200 hr (#34).
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Fig. 21 SEM micrograph of uncoated AC Mo with PyC/SiC deposition (#20).

AC Mo

AC Mo tubeswith and without a MoSi,(Ge) coatingwere characterized in the following
conditions.
» Uncoated (#10)
» Uncoated with PyC/SiC deposition (#20)
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* MoSi,(Ge) coated (#11)
* MoSi,(Ge) coated with PyC/SiC deposition (#26)
» MoSi,(Ge) coated with PyC/SiC deposition and heat treated af2@060200 hr (#27)

The BSE image for the uncoated AC Mo sampigith PyC/SiC deposition (see Fig. 21)
showedthat significantlevels ofporosity existed irthe original PyC/SiClayer. Also, a ~5pm
thick Mo-carbide layer is evident in the Mo substrate at the original substrate/PyC/SiC interface. In
the AC Mo sample coataslith MoSi,(Ge) (see Fig22), large transverseracks areseen in the
~504um thick MoSi(Ge) layer. Minute pores, intrinsic to the coating processak@evident in
this layer. The presence of interdendritic shrinkage cavities in theuldstrate attests tbe metal
deficit experiencedduring solidification, subsequent tdhe arc casting of the Méubes. No
interaction products are evident, however, at the substrate/coating interface.

Coating

Substrate

*— Shrinkage
cavity

Substrate

18Hm
JEOL 18Ku H7S8 1Z2mm

Fig. 22 SEM micrograph of MoSi(Ge)-coated AC Mo in as coated condition (#11).

The SEM image togethewith the x-ray elementaimaps forSi, C,and Mo are presented in
Fig. 23 for the MoS(Ge)-coated sample with PyC/SiC deposition. Nbsfor this condition, a
~10um thick Mo-silicidelayer is present at the substrate/coating interface. No Mo-cdayele
developed in the substrate, however. Large transverse cracks appaerse the entirthickness
comprising the PyC/SiC + Mo-siliciddayers,thus compromising itenechanical integrity.From
the CKa map it is apparent that theseacks served apaths for C diffusionnto the substrate
through the intervening SiC layer of the PyC/SiC deposition layer. With respect to the rivepK
it is clear that thdPyC/SiC depositiorayer is contaminatedith Mo. The originalMoSi,(Ge)
layer in contact with the PyC/SiC deposition may therefore not be fully chemically stable. This may
result in part of thévioSi, disintegrating into Mo an&i. Mo may migrate to thdyC/SiC layer
while Si may diffuse into the Mo substrate. From the,Sitap, aminute amount of Si appears to
have diffused into the substrate. Subsequent to théR200 hrheat treatmentsee Fig.24), the
transverse cracks formeithin the originalPyC/SiC layer appear to be wider togetheith a
thicker (~20 pm) Mo-silicide layer formation at the originaubstrate/MoS{Ge) interface. A
thicker Mo-silicide layer in the 200B8/200 hr heat treated condition compared to that in the un-heat
treated conditiorsuggestghat theprolongedheat treatmerpromoted further deterioration of the
SIC layer, and thechemical reaction of Swith the Mo substrate. Furthermore, raild Mo
enrichment of the SiC layer is also apparent. Ther @€emental map once again indicates that C
from PyC diffused througlthe transverse cracks into the Maobstrate thereby promoting the
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formation of aMo-C solid solutionlayer in thesubstrateThe 2000°F/200 hrheat treatmenthus
had an adverse effect on therall physical andchemical stabilities oboth the coatings and the
substrate.

Mo 10 um

Fig. 23 Elemental x-ray maps for MoSj(Ge)-coated AC Mo with PyC/SiC deposition in the
as coated condition (#26).

Nominal hardness variations for different conditions of the Mo substrate are presented in Fig.
25. Withrespect to the uncoated condition, Haxdness othe MoSi,(Ge) coatedsubstrate was
significantly lower, indicatingpossible softening ofhe substrate due to high-temperature effects
associatedwith the coating process. Subsequent the deposition ofPyC/SiC (deposition
temperature of 2000°F) and the furtheheat treatment &200CF for 200 hoursthe substrate
hardness increased, possibly due to minor allowiily C and/or Si. The CKa x-ray map inFig.
24 does indicate a mild contamination of the substrate through C diffusion. The haata#dsss
appear to be sensitive enough to show minor changes in substrate chemistry.
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Fig. 24 Elemental x-ray maps of MoSiGe)-coated AC Mo with PyC/SiC deposition heat
treated at 2000F/200 hr (#27).
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Fig. 25 Substrate hardness of AC Mo in various conditions.
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TiB, Coating

Samples of arc cast Mo and PM Mo-47.5Re were coaltibda TiB, coatingusingthe CVD
process. The coatings were applied by the Applied Technology Coatings (ATC), Fort Worth, TX.

AC Mo

Samples of AC Mowith and without TiB, coating, were characterized in the following
conditions:
» Uncoated (#10)
» Uncoated with PyC/SiC deposition (#20)
* TiB, coated (#4)
* TiB, coated with PyC/SiC deposition (#24)
* TiB, coated with PyC/SiC deposition and heat treated at’#d00 200 hr (#30)

B Ti

Mo substrate

Ti-rich phase

Mo-B-rich phase

Mo 10 pm BSE image

Fig. 26 X-ray elemental maps for TiB—-coated AC Mo in the as-coated condition (#4).
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Ti-rich phase

Mo substrate

Si 10—Hm Mo I SEM image

Si-rich particle

Fig. 27 X-ray elemental maps for TiB-coated AC Mo with PyC/SiC heat treated at 2000°F
for 200 hr (#30).

The effects of the TiBcoating on Mo may be summarized Byg. 26 and Fig. 27. From
Fig. 26, it is clear that the TiRoating was chemicallynstable in contaavith the Mo substrate at
the coating temperature and below. The site of the origingl ci&ting was replaced by a Ti-rich
layer, which was largely depleted in B. Furthermore, a thin layeiMid-8-rich phase isapparent
at the substrate/coating interfac@/ith reference to the binafylo-B phasediagram, thepossible
Mo-B-rich phases forincreasing B concentrations are Mo aMoB, Mo,B, or MoB,,
respectively. Subsequent to PyC/SiC deposition followed b2@B&F/200 hrheat treatment, the
chemistries of the coating/substraterefurther altered drastically ashown in Fig. 27.The one-
to-one correspondence in the B and thel&@nentaimaps suggests a stroaffinity for B in the
TiB, coating with C in the PyC/SiC deposition. dddition, a thin layer o§i-rich particleswith a
mottled appearance geen athe coating/substrate interfac&his layer isperhaps comprised of
Mo-silicide particles. Thus, it is clear that TiBs a coating materiédr Mo suffered fromsevere
chemical incompatibility problems.

PM Mo-47.5Re

PM Mo-47.5Rewith and without the TiB coating was characterized in the following

conditions:

- Uncoated (#3)

- Uncoated with PyC/SiC deposition (#28)

- Uncoated with PyC/SiC deposition and heat treated at’Bd00 200 hr (#29)

- TiB, coated (#1)

- TiB, coated with PyC/SiC deposition (#25)

- TiB, coated with PyC/SiC deposition and heat treated at’#d0® 200 hr (#35)

Just as in AC Mo-41Rand AC Mowith no diffusion barriercoating, aMo-carbidelayer
was also apparent in the uncoated PM Mo-47.5Re saithaies/ereembedded iPyC/SIC. This
condition is not further discussed here since it was discussed previously.
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The TiB,-coated condition (#1) was distinguished by a smooth/JuBstratanterface and a
coating thickness of ~30m (with a hardness of ~486840 KHN). A few transverse cracksere
also apparent ithe coating. Thélo-47.5Re substrate showed 1041/ wide grains. Some of
the grainscontained fine-sized Re-rich precipitates (probabhé/x(ReMo) phase). EDSpectra
indicated that B from the TiRoating diffused into the substrate to a depth I3 pm evenduring
the process of coating with TjBThe x-ray elemental maps for this condition are presentewin
28. Withreference to thifigure, it is pertinent to note that unlike the Féated Mo, the TiB
coatedMo-47.5Realloy was substantially more stable amido distinguished byhe absence of
Mo-B-rich phases ahe coating/substrate interface. In contrast to unalloyed Mo, the presence of
47.5%Re in Mo thusippeared to confer supericiiemical stability on the alloy vis-a-vis the TiB
coating.

Mo-Re substrate

. ._a:qziEnL 15K .
Mo BSE image

Fig. 28 X-ray elemental maps for TiB—coated PM Mo-47.5Re (#1).

Changes irthe chemistries of thio-47.5Resubstrate, the original TiBcoating,and the
PyC/SiC deposition, consequent to the 260800 hr heat treatment are shown in 29, with the
substrate orthe leftside ofeach image. In theegion of the TiB and PyC/SiQayers, thex-ray
maps of B and C correspondéach other on ane-to-one basis. Thimplies that a significant
amount of B from the original TiBcoating combined with C from tHeyC/SiC deposition to form
boron carbide (perhaps®). The presence of bor@arbide is apparerthroughoutthe TiB, and
PyC/SiC layer. Fronthe B-C binary phaseliagram,formation of BC needs akeast9.8 wt.% C
and this appeared to be readiyailablefrom PyC/SiC duringhe 2000°F/200 hrheat treatment.
The substrate enrichmemiith B (asindicated by the Bx-ray map) accountetbr the rest of the
boron inthe original TiB layer. Thecorresponding x-raynapfor Ti andthe BSE image clearly
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indicate the BC regions formed islandsithin the network of Ti-richregions. The Six-ray map
togetherwith the BSE image indicate that Srom SiC (in PyC/SiC) not only formed -al04m-
thick Mo-silicide layer in thesubstrate athe substrate/coatingnterface, but also diffused
appreciably into the substrate. Ttiepersion of both B and Si frothe composite layer of TiB
and PyC/SiCinto the substrate thugmplies severe chemical instabilitiésr both TiB, and the
PyC/SIC inthe presence of each otterd hence the inadequacy of Ji8s a protectivdarrier.
Although TiB, appears tdave succeeded in preventinglo-carbidesformation, the significant
problem of inherent incompatibility between Ti@nhd PyC/SiC still exists.

M o-silicides layer 10Mm

Mo Gi

Fig. 29 Elemental x-ray maps in TiB-coated PM Mo-47.5Re with PyC/SiC deposition and
heat treated at 2000°F for 200 hr (#35).

In the uncoated condition, tido-47.5Re substrate had averagehardness number of
44535 KHN. Inthe TiB,-coated condition, theubstrate had a moderatelgvatedhardness of
467+38 KHN, with no evidence of an interfaceaction product layer consequent to the coating
process. However, a mildhardnesgyradientwith respect to the coating/substrate interface was
observed in thesubstrate. The presence of mild hardnesgradient togethewith an observed
increase in theubstrate hardness ftire coated condition implies thatfBom the TiB, may have
diffused into the substrate. Subsequent to PyC/SiC deposition, followed by tliE/200thrheat
treatment (#35), the substrate hardness increased appredidivly reference td-ig. 29, it is clear
that for this alloy condition, significantevels of B (from TiB, coating) and Si (fronPyC/SiC
deposition)werepresent in the substratinus rendering it harderThe substrate hardnesslues
for the various conditions are represented in Fig. 30.

The following general observations may be maidth regard to the influence of chemistry
differences in Mo-Re alloys on precipitate microstructures, as predicateshbjyreatments. In the
Mo-47.5Re alloy sample subjected to the 260200 hr heat treatment (in contrast to the Mo-41Re
alloy heat treated in the same mannexgardless oWhether the alloy was coatedth either TiB,
or MoSi(Ge), Re-rich precipitates formed both within the alloy and at grain boundaries. Based on
the Mo-Re equilibrium phasediagram, the47.5%Re alloy (unlike the Mo-41Re which was
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essentially a single phase solid solution of Mo andvRe) in the twagphaseregion, (Mo) + X.
The 2000°F/200 hrheat treatment likelhastened the precipitation of equlibrium amount of the
X(ReMo) phase. Grain boundaprecipitation of thesantermetallic precipitates mayave
detrimental effects orstrength andductility of the substrate. The substantial increase in the
substrate hardness thfe TiB, coated withPyC/SiC deposition anteat treatmenfsee Fig. 30)
may be a result of appreciable levels of B, and alsg theecipitates present in tiseibstrate. This
observation once agajoints to inherent instability ahe TiB, coating and alsdhe potential
degrading influence of the precipitates on the ductility properties of the substrate.
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Fig. 30 Variation in substrate hardness of PM Mo-47.5Re.
Burst Tests

Burst tests were performed on several of the refractory-metal tubes with and dithgion
barrier coatings, angrior to andafter PyC and SiC deposition bthe simulatedHACI C/SiC
process. The tubes were taken through the entire HACI deposition process, but were not embedded
in a carbon fiber preform. Due to nonavailability of samples, burst tests on tubes embedded in C/C
were not conducted.

The tubes were burst tested at room temperature using pressurized water. Swage lock fittings
were used to seal the tubes at each endevaral cases, the tube diameteese not standard, and
the fittings had to be drilled out to fit the tubes. During testing, the pressgrancreased ir250
psi intervals every 3Gec. Therewere nolong hold times at anpressure. Fig. 31 shows
photographs othe testsetup and a Mo-R&be both a) before and b) affeurst testing. An
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attempt was made to test tulengths greater thameveral diameterdyut that wasnot always
possible.

Fig. 31 Photograph of the test apparatus and tube, a) prior to and, b) after burst testing.

The results of the burst tesieeshown inTable 2. The specimen numbdiffusion barrier
coating (if any), environmen{PyC/SiC processing}lime attemperature excluding coating and
processing exposure, burst pressure, and failure stress are shown in the &aalle fobe material.
The outer diametgiOD) and innerdiameter(ID) arealso given for each tube. Irall cases, the
failure stressg, was calculated from

o=Pr/t

where P is théurst pressure, r ithe average of thmner and outer radii of thiebe,and t is the
tubewall thickness. Inthe measurement of r, contribution ttuckness included angrotective
coating such as TiBand MoSj(Ge), as well as the PyC/SiC deposition. Several of the tubes broke
during handling and were not tested; while during other tests, fittings leaked ordfailleg testing

thus limiting the pressures attained. For cases where the tube did not burststheressure and
failure stressare listed in Table 2 preceded by’. For each test conditiorpnly one tube was
tested. Thus, théurst strengthevaluation may beonsidered exploratory and no claims to
statistical significance are made.

The PM Mo-47.5Re tubegprovided themost completebursttest data. Thestibeswere
tested in the uncoated and coa(@®B, and MoSi,(Ge)) conditions bottbefore and after the
PyC/SiC deposition. All of the tube lengths (distabe®veen sleeve diittings) weregreater than
1 in. excepftfor specimer#23 (0.603-inlong), specimem#25 (0.188-inlong), and specimen #29
(0.605 in.). Fronthe bursttestdata,there appears to be a slight degradation in the tube strength
due to the application of the TjBindMoSi,(Ge) coatings. Inaddition, thePyC/SiC deposition
process appeared to degrade the strength of each of the tubes. However, the uncoated tube strength
wasonly reduced8.7% bythe PyC/SiC deposition, versus strength reduction1dt.2% for the
MoSi,(Ge) barrier coating an@2.5% forthe TiB, barrier coating. For the uncoated tubwith
PyC/SiC processing, exposure at 2000°F for R00rs reduced theburst strength onlslightly
from the as-processed state.

The AC Mo-41Re tubes had a 0.030-in. wall thickness, and requiredplaggures to burst.
As a result, irsome casethe burst pressurexceeded the test capability. The length of the AC
Mo-41Re tubes were 0.99 in. for specimen #12, 0.986 in. for specimen #13, 0.394specioren
#14, and 0.658 in. for specimé&i5. Due tdestinglimitations, specimenstl2, #13,and #14 did
not burst. However, arincrease in diameter @.001 in.was measured after thests. Specimen
#15, which was an AGo-41Retubewith a MoSi,(Ge) coating, failed at approximatel30 ksi.
The burst strength o$pecimen #16, whichlso includedexposure at 2000°F for 200 hours, was
significantly degraded versus ths-processed conditiq#15). Though itwas difficult to isolate
the contributions of tubenaterial processing(AC versusPM) and chemistry (41%Re versus
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47.5%Re) orthe AC and PM tube strengths, it did appteat the ACtubeswere significantly
stronger than the PM tubes.

Table 2. Results of Burst Tests

Spec. Coating, environment, Burst Failure
No. and thermal exposure pressure, psi stress, ksi
PM Mo-47.5Re, OD = 0.197 in., ID =0.175in.

3 uncoated 11,509 97.3
28 PyC/SiC 10,507 88.8
29 PyC/SiC and 200 hr at 2000°F 10,200 86.2

1 TiB, 11,073 93.6
25 TiB,, PyC/SiC 8,577 72.5

2 MoSi(Ge) 11,315 95.7
23 MoSL(Ge), PyC/SiC 9,368 79.2

AC Mo-41Re, OD =0.188 in., ID = 0.128 in.
12 uncoated > 60,700 > 158
14 PyC/SiC >48,000 > 126.4
13 MoSi(Ge) >47,300 >124.5
15 MoSL(Ge), PyC/SiC 49,500 130.3
16 MoSL(Ge), PyC/SiC 42,000 110.6

and 200 hr at 2000°F
CVD Re, OD =0.195in., ID =0.185 in.

6 uncoated > 5946 > 113
18 PyC/SiC broke prior to testing
CVD Nb, OD =0.204 in., ID = 0.186 in.
7 uncoated 2101 22.8
19 PyC/SiC broke prior to testing

AC Mo, OD =0.188 in., ID = 0.137 in.
20 PyC/SiC 15,565 49.6

The uncoated CVD Re tube withstoodteess of 113 kswithout failurewhile theuncoated
CVD Nb tube failed at a stress of 22.8 ksi. Both the Re and Nb tubethe/RyC/SiC deposition
broke prior totesting,and hence no meaningfirends could be establishedhe burst stress of
49.6 ksi issignificantly below theultimate of 109 ksi for Mo, indicating that the Mo was
detrimentally affected by theyC/SiC deposition. Ithe case of th&e, Nb, and Mobursttest
specimens, only a single datum poivas available,and therefore a comparison of the different
conditions is not possible.

Despite thdimited number of conditiongvaluatecand thelack of replicates, théurst test
data indicated the following:

- Although the effects of the barrier coatings &\yC/SiC deposition othe AC Mo-41Re
could not be determined fully due to testlimgitations, theMoSi,(Ge) coating appeared to
substantially degrade the burst strength relative to the uncoated condition.

- Both TiB, andMoSi,(Ge) coatings followed by &#yC/SiCdeposition, moderately degraded
the burst strength of PM Mo-47.5Re relative to uncoated PM Mo-47.5Re.

- AC Mo-41Re appeared to be significantly stronger than PM Mo-47.5Re.
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Concluding Remarks

Metallurgical characterizatiofmicrohardness survey ai8EM examination) andurst tests
were performed onseveraldifferent refractory metals analloys, with themajor effort directed
toward Mo and Mo-Re alloys. The following observations can be made:

For the PM Mo-47.5Realloy, burst strength degradedoderately when the allojubeswere
coated with eitheMoSi,(Ge) or TiB, (relative to theuncoated condition). The degradation in
burst strength was more drastic subsequetitdaoating followed by thByC/SiCdeposition,
with contribution to degradation from TjBbeing more severe thanfrom MoSi,(Ge).
MoSi,(Ge) thus appears to Ineore effectivethan TiB, as a protectivéarrier coatingor PM
Mo-47.5Re.

The AC Mo-41Re alloy appears to have significantly highest strength (though not enough
samples were available for a statically significant test) than théVieM7.5Realloy, when the
comparisonsare made witlhrespect to uncoatedyloSi,(Ge) coated,PyC/SiC deposited, or

MoSi, coated +PyC/SiC deposited conditions. Mo-41Reessentially a single phasdloy
whereas Mo-47.5Re is a two phase alloy. The presence of an appreciable volume fraction of the
X(ReMo) phase ahe grainboundaries appeared to bedactility degradingfactor, and may

explain the poorer burst strength of PM Mo-47.5Re compared to Mo-41Re.

The lamellar morphology of the carbide lagstdent in the AOQVio-41Re processedith C/C,
implies that more than 5.7 wt.% C reacted with Mo (in the Mo-Re substrate) to aetdctoid
mixture ofaMo,C andMoC. This Mo-carbiddayer washard andbrittle, and mayseverely
degrade burst strength.

The Fe, SiCr-rich R512Ecoating, sandwiched between th-41Re substrate antie C/C

layer, very effectively prevented formation of Mo-carbides in the substrate. A Mo-slagele

formed in the substratbpwever,due to the substrate-coating interactiofisis silicide layer,

though slower growing thathe carbide layer (in the uncoated condition), did increase in
thickness with heat treatment time, thereby degrading the useful engineering cross-section of the
Mo-Re substrate.The development of lateraind transverse cracks in the origiib12E

coating may diminish the efficacy of the coating.

Even though coatings seemed to reduce carbide formation, they did so with the creation of a thin
silicide layer which seemed to be detrimental to the burst strength.

TiB, was inherently unstablehen it was in contact with the Msubstratewith B possibly
tending to form the M@ phase at the coating/substrate interface. In contrast.apseared to
be substantially more stable in contact with the Mo-47.5Re substrate.
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Appendix: Literature Survey

The issues regarding material compatibility between ceramics and refractory maeéddsen
a major focus of research over the paesteralyears. In thigegard, the neefibr diffusion barrier
coatings for preventing the formation of deleterious carbides and silicites been well
documented. Advancedhigh-temperature cooling applicatiossich asheat-pipe-cooled leading
edgesmay often require thelevated-temperature capability of carbon/silicon carfef&iC) or
carbon/carbon (C/C) composites in combinatioth the hermetic capability of metalliabes. In
view of this, a critical review of past reseadfifiorts inthe area of refractory metals incompatibility
appears to be germane to identifying 1) potentiadlgful metal systems and 2) diffusiobarrier
coatings. Mo-Re alloygparticularly are deemed potentiaNgyable materials as heat-pipe-cooled
leadingedges in hypersoniehicles. Compatibility oMo-Re with silicon carbide and carbon is
therefore a specific area of interest. Blyscussing previous research efforts omaterial
incompatibilities, it ishopedthat a cleareunderstandingvould emerge as to whicblass of
materials and coatings holds promise.

Refractory Metal Compatibility with Carbon and Silicon Carbide

Most refractory metaldorm carbidesvhen in thepresence of carbon at high temperatures.

Nb, Ta, and Mo readily absorb€.Carburization is expected for Mabove 2012°For W above
2552°F, andor Ta above1832°F. The solid solubility of C in Movaries betweer®.005 and
0.0922 wt. % in the temperature range of 3002-39929ih an activation energy, @or C in Mo
being 163 Btu/mole in the temperature range of 2192-2F1 & is theonly refractorymetal that
does not form a carbid€. However,solubility of carbon in solid Re increasedth temperature,
resulting in excellent bond strendtietweencarbon and Re. Rabsorbsabout0.9wt. % C when
heated in methane at 1472-3992°F.

Lundberd studied the interaction &iC with W in thetemperature range &f916-3276°F.
An electron microprobe analysis revealed the formation £5¥\and W,C layersbetween the SiC

deposition and the W substrate,., alayered structure was formed comprised SS€-WgSiz-
W,C-W. The two reaction layers appeared to grothetsame rateith no W diffusing into the

SiC. Similarly, in graphite that was CVD coateth W and SiC a WC reaction layer waund
between the W and the graphite, with no W in the grapikitem these studies, it was determined
that SiC and C react with W at similar rates. The reaction layer growth could be predicted by

x =4/4.03 x 1@ () exp(-113,400/T)

where x is the reaction layénickness ininches, t is the heatingme in seconds, and T is the
absolute temperature in degrees Rankine.evdentfrom the equation, reaction layer growth is
highly temperature dependent.

Ranken and.undberd™ studiedseveraldifferent refractory metalfor use inrefractory-
metal-lined ceramic tubes for heat pipes. The ceramicscthese for studyvere SiC and A)Oas.

They looked for a refractory metal with a similar CTE as that of the ceramics. They detehained
Nb and AbO3 have nearly identical CTE’s. In addition, W and eithelSiC or SiCcontaining 5-

10 % free silicon (KT-SIC), have close CTE’s. The CTB-05iC (the formtypically obtained by

CVD) can be fairlywell matched byalloys of W andVio. Similarly, CTE compatibility between
CVD Niobium and A)O3 was demonstrated by the absence of defects relatdebtmding and

thermal stresses. Due tthe uncertainty about the reactitvetween Wand SiC, tests were
performed on SiC with a CVD layer of VWpon heating to 2916°F, thrgghaseswvere revealed in
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the reaction layer,\Wbi3, WgSioC, and WSIiC,. Si could not beletected in the Whor W in the
SiC.

Merrigan and Keddy studied SiC tubes with a CVD W liner for usehieatpipes forwaste
removal. SiC was used because ithas excellent thermalshock resistance,good thermal
conductivity, low volatility, and resistance to both oxidizing and reducing atmospheresidition,
SiC has arextremely lowhydrogenpermeability and its CTE is similar that of W. Previous

investigations have shown the W-SiC reaction layer growth followed a parabolic lawfofnthg?
= 2Kt, where X is the layer thickness, K is the reaction rate constant, and t is time.

Rovang, et af>**reported on the development of a C/C heat-pipe internally cadttec Nb
liner for the SP-100 project. Their approaghs touse aninterlayer 0f0.039-0.197mil (1-5 pm)
thick Re (applied by CVDpetween theC/C and theNb. Thisinterlayer would: a) provide a
modest gradation of the CTE mismatch, b) assume a portion of th&doathe induced stress, ¢)
improve the coating adhesion, and d) serve earlaon diffusion barrier tallow the Nb to remain
ductile.

Yaney and JosHistudied the reaction between Nb &i€. A Nblayer,0.0394-0.0787 mil
(1-2 um) thick, wassputter deposited on SiC substrates lagated to temperatures ranging from
1472 to 2323°F. An Auger electron spectroscopy depth prefilealed extensive reaction between
the Nb and the SIC with the tyeical reaction layer sequence being
SiC/NbsSi4C/NbsSis/Nb,C/NbO/Nb.  Joshi, et al?,studied the reaction of Nb and With SiC
and AbOz up to 2192°F. Nb and Taere sputter deposited on SiC and,®k substrates to a
thickness of approximately 0.0394 mili{fin). The main thrust of their study related to the Nb/SiC
system. They observebat the reactions of Nith SiC was much more uniforrfor the single
crystal SiC than for the polycrystalline SIC. Also, annealing the Nb/SiC system at 2012°F for 4 hr
resulted in reaction of the entire Nb film. In contrast, there wasvitence of reaction in the
Nb/Al,O5 systemafter heating at 2192°fer 4 hr, indicting that ALO3 may be agood diffusion

barrier between Nb and SiC.

Fries, et al'? evaluated the diffusion of carbon into W avd. They found the diffusion of
carbon throughthe carbidephase aghe rate-determiningtep. Though a thin WGkin was
observedonly the WoC layer growth was prominent belo#B52°F. The diffusion of W into
carbon was negligible compared ttmat of C into W. Similarlycarbon diffusioninto Mo was
found to proceed rapidly, and the metal quickly became saturated with &arbon.

Reagan, eal.,'"*® constructed tubesith atrilayer structure ofSiC, graphiteand W. While
the inside of the graphite tube was coated with W through @&fisition, the outside of the tube
was coated wittCVD-deposited SiCThe mechanical integrity of theesulting structure was
assessed by performirtigermal shock, thermal cyclingnd pressure tests. In one seriegesfs,
one end of the structure was heated by radio frequency induction heating to 38&i8°&nuh then
water quenched to below 1963°F. This process was repeated 10attineke structure remaining
leak-tight. In anotheseries oftests, the structure was cycliedm 981°F to 2916°F irair by rf
induction heatingl50 times. Again, the structure remainel@ak tight. Next, thestructure was

cycled from 1000°F to 3177°F in air 102 times.vacuum of 16 Torr was maintained inside the
structure. Duringhe lastfew cycles, acrack was noticed in the Si@nd testing wastopped to
preventoxidation of the W. The structure wakso pressurized to 500 psi feeveralhours and
remained leak tight.

The feasibility of coating C/C tubes internally with refractory metals for use apipest was

studied by Hartenstine et'dl.Re wasused as a carbon diffusidrarrier coatingoetween the C/C
and the refractory liner (either W or Nb). Four different coating techniyeesstudied. A 0.002
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in. thick layer of carbon was applibégtween theC/C and the Re to transition the CDEtween
them and thereby reduce the interfacial thermal stresses. Though Re does not formcarbkidéle
at their use temperature of 2804°F, carbon feaad to diffuse througlthe Re andeact with the
W or the Nb substrates, form a W-carbide or a Nb-carbide. Ase coatingsvereapplied at a
temperature ofl832°F orhigher, themost severe thermastressesvere experienced during the
cooling of thesystems. Re/W anithe C/Re/W coatings crackeskverelyduring thermal cycling
due to theembrittlement of the W as @sult of carbon diffusion througtne Re. TheRe/W
coating separated from the C¥a@ill, while the C/Re/W coating did not. The Re/Nb and C/Re/Nb
coatings completely separatEdm the wall to form an almost stand-alone tulgth only minor
cracking. Again, the carbon diffused through the Re, this time resulting in Nb-carbides.

Rabirt® reviewed the interaction of SiC with various metals (Ni, Fe, Ti, CrCAl, Pd, Mo, W,
V, Ta, Nb, Hf and Zr)with relevance t&iC joining. Inthe SiC/Mo system, MgC formed as a

result of C diffusion into the Mo, togethwiith a small amount of MgSis in between th&iC and

the carbide layer. In yet another study, a,@Mdayer, a mixedayer of Mo,C + MosSi3, and a

layer of Ma;SisC were found to grow between the Mo and SiC. In the SiC/W system, existence of
a mixed layer of W-carbide + W-silicide was noticed.

In graphite coated with Mo, growth of an M intermediate layer was observed between the
graphite and M#. This carbide layer had a parabolic growtte with annealingtime, at
temperatures as high a832F. Cross-sections dhe Mo coatingrevealed the Mayrains to be
columnar in structurewith grain size increasingvith deposition temperature. Theiffusion
coefficient of C in Mo wasfound to increasewith decreasing columnar grain size; and
experimentally determinediffusion coefficients asvell ascarbide growth ratefor a Mo coating
on graphite, anflor a Mo sheet coupled to graphiteeredocumented. Thstudy concludedthat
for Mo coatings on graphite, grain boundary diffusion of C in the carbide layer played a significant
role in the carbide layer growth.

Diffusion couples of Mo and Si were used by Tortorici and Dayarfatmatudythe growth
of silicides and interdiffusion in a Mo-Si system. The diffusion couples were heat-treated in either a
H, atmosphere at temperatutestweenl652F and 2012F, or in an Ar-5% H atmosphere at
temperatures up to 2482 Layers oMoSi, and MQSi, wereobserved in each case. Th®Si,
grains exhibited a preferred direction of growth parallel tadtffasion direction. Also, theMoSi,
layer exhibited a columnar microstructure and had one to two orders of magnitude greater thickness
than the MgSi; layer. The interdiffusion coefficients of Mo and 8erealso one tdwo orders of
magnitude greater than in both Mo&id MaSi,. No Mo,Si was foundhowever,despite thdact
the Mo-Si phaseliagram allows its formation. Since M8 was observed by othegsearchers to
haveformed at temperaturebove2552F, Tortorici and Dayanandsuggesthat barriers for the
nucleation of MgSi are perhaps overcome at higher temperatures.

Martinelli et al?®, studied diffusion couples of Mo and Sithe Mo-SiC joints were made
by hot pressing demperatures betwe&192°Fand2732°F fortimes between 1Einutes and 2
hours. The reaction layer thdbrmed consisted of aixed layer of M@Si, and MgC. Hot-
pressing for longetimes at lower temperatures (i.e., 2 hr2872°F)resulted in a separate and
distinct layer of MgC being extended into the Mo region. On the otfserd, onhot pressing at
2552°F for longimes or a2732°F, dayer of MqQSi,C formed against th8iC interface. Shear
strengths othe joints as a function of hpressingtimes of 15min, 30 min, 1 hrand 2 hrwere
determined. At 2192°F, shear strength increaseldoadingtimes increased. A2372°F, shear
strength increasefbr times up to 1 hr and decreased theredtierthe 2 hrexposure. While at
2552°F, no specific trerlas apparent, &732°F, shear strengths showed a continulmatine
with increasing hopressingtimes. Theauthorsattributed thesérends in shear strength to the
variations of elastic moduli and the CTE of the Mo, SiC, and inter-layers. T)@ Isleer was said
to be compatible with SiC. Therefore strength increased with time at low temperatures wi@re Mo
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formed. In contrast, th8iC and M@Si, layers, aswell asthe SiC and M@Si,C layerswere
deemed mutually incompatible, and hestength decreasddr the higher temperatuexposures
where these incompatible silicides forrfied

The phaseequilibria of SiN, with Cr, Mo, W, and Rewere studied by Schustér at
temperatures 01832F and2552F in an argorenvironment. In addition, he complemented his
studywith a criticalreview of the availableliterature. In theCr-Si-N system, SN, reactedwith
chromium at temperatures &sv as 1652°F. Various chromium silicidesuch as CrSi CrSi,
Cr.Si;, and CiS formed. In the absence of external nitrogen pressur® did not form.
However, itdid form when there was a sufficiemtitrogen partialpressure resulting from the
decomposition of SN, by chromium. In theMo-Si-N system, in the absence of a nitrogen
pressureMoSi, and MQSi, formed and co-existedith Si;N, at 1832F. Reactionsbetween
Si,N, and Mo were slow. Atemperature 02912F andhigher, however theo-existenceésetween
Si;N, and MqSi, wasdisturbed and onlyoSi, co-existedwith nitrogen gas. Irthe W-Si-N
system under an argamnvironmentreactionsbetweentungsten and $\W, did not occur at the
temperature ofL832F. At a higher temperature d&143F, however,reactions caused the
formation of nitrogen and V&i,; and at a still higher temperature 27132F, nitrogen also co-
existed with WS In the Re-Si-Nsystem, SN, did notreact with Re irargon athe temperature
of 1832°F. However, at2552F, Re.Si, and nitrogen gas formed. Bissessinghe viability of
Si;N, as a diffusion barriecoating in thesemetallic systems, Schuster concludéuat the
formation of the various embrittling silicides, togethwith the undesirablechemical reactions
occurring duringhermal cycling, restrict the potential sfich joints forstructural applications at
elevated temperatures.

Carbon Diffusion Barriers

Potential diffusion barrier coatinder refractory metals in contaetith carbon,appear to be
Pt, Ir, Re, SIC, TiBand TiC. Platinunforms low melting silicides at rathelow temperatures, and
this restricts its use in a C/SiC compositeCarbon forms @utectic with Pt aB150°F;with Ir at
4177°F (but this temperature is significantly lowered in the presence of Si to &963a%F); and
with Re at 4471°F. It is thoughhat while Redoes not form a&arbide,carbon haveenfound to
diffuse through a Reoating and causembrittlement of thesubstrate metdf. However, the
diffusion of carbon through Re is temperature dependent, and is not thought to be significant up to
3000°F. The TiB coating, on the other hand, appears to prevent diffusion of carbon thidoggh
its efficacy has not been tested at high temperaturefoardtendedime periods. TiC coating is
thought to be areffective diffusion barrierfor carbon,but its utility is limited by its severe
brittleness.

Platinum, Iridium, and Rhenium

Interactions of Pt and With carbonwerestudied by Whitcomb, et df.and Selman et 4l
Molten Pt (and others in its group) dissolves substantial amountsarbbn, which inturn
depressethe melting point ofPt. Pt and C form a&utectic at a temperatugtightly below the
melting point of Pt. The eutectic solidification is characterized by foemation of a mixture
containing a near C-free Pt solid solution and graphite. Pt contdinengeutectic graphite is
brittle?® In contrast to most reporthat the solubility of C in Pt ismalf® (~1 wt.% max. at
1700°C)*, Pt dissolves substantial amounts of C after heating in contact with graphite fawaler
few hourseven atemperatures apw as 2192°F? While the dissolved C irsolid Pt hadittle
effect on the hardness of Pt, the dissolved C in Pd considerably increabasditiess of Pd. It is
also reported that at high temperatures, carbon diffuses very rapidly in Sdlid Pt.
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Pt and Si form threeutectics over the entimmpositional rangeith meltingtemperatures
ranging from 1497-1810 °E. Pt that contains sufficient Si to fortime low melting eutectiphase
is brittle.

Chou* studied the reactiobetween Ptand SiC at 1652°F and reportaderfacial melting
between Pand SiC due to eeaction productvith a low meltingpoint. The further annealing at
1652°F causethe reaction zone to penetrate into $i€. All the SiC decomposed ithat region
converted into a mixture of £8i (with a meltingpoint of 1526°F) and C. In anothstudy,

extensive reaction betwe&iC and Ptwere observed to take place in the temperatarege of
1652-2012°F? The reactiorproductsweregraphite and Pt-silicidesLocal melting followed by
solidification was observed at the interface, with formation of Pt-silicidase to itslow solubility

in Pt-silicides, the carbon precipitated out of the Pt-silicide matrix.

Searcy and Finntéstudied the ternary systems of Si and C with RethadPt metals. They
observed that neither the Pt metads Re formedstablecompoundswith C attemperatures up to
2912°F. Rhenium silicides were observed to be less stable than silicides of the Pt metals.

The CTE of Ir closely matchewith that of Mo, W, and Ta, and can therefore be
recommended as good oxidation diffusionbarrier’* Ir does not form a&arbide at temperatures
up to 3812°F. The diffusion rate of carbon in Ir at temperatures up to 3452°F is l@akpleathis
temperature, the diffusion rate is high.

A strong bond can be formed between Ir and Gllpwing molten Ir towet the surface of a
graphite substraté? The bonding results from a dissolution of graphiteti® molten Ir (at
~3992°F)with subsequenteprecipitation of the graphitepon solidification of the metal. The
graphite crystallites form an interlocking network with the Ir and the graphite substrate.

Interactions of Ir-base alloys with carbon were studied by Hafidrere is an Ir-CGautectic
at 4177°F(melting point of Ir is 4429°F), and this temperature is significalayered in the
presence of silicon to at least 3902°F.

The effectiveness of a Re coating as a diffusion barrier between a graphite substrate and a Mo
coating was investigated. The Re coatimgse 1.5-20 um while the Mocoatingswere 10um
thick. Graphite samples coatadth Mo, andwith both Re andvio, were annealed &mperatures
from 1652F - 2192F. It wasfoundthat the growth of the M@ interlayer depended greatly on
the thickness otthe Re layer, with theeaction rate decreasing exponentiailgh increasing Re
layer thickness. In both the single layer coating of Mo and the double layer coating of Re/Mo, the
growth of the intermediate carbide laya@reyed a paraboliaw with annealing temperature. At
lower temperatures, the Re layer was more effective in slowing down the growth rate of the carbide
layer. For the case of a it Re interlayer, the carbide layers wer@3}, 56,and 69% ashick as
for the a single Mo layer, at annealing temperatures of 1652, 1832, 20121 %H8 respectively.
Grain size or thickness of its columnar structure also hazffact on the reaction rate of carbide
growth. The carbide layer increasedtfcknesswith decreasing grain size of the Re layer. It is
believed that columnar grain boundaries in the Re lageasfast diffusion paths focarbide layer
growth in the Mo layé?.

Arnoult andMcLellan®® studied thesolid solubility of carbon irseveralrefractory metals
such asRh, Ru, Ir,and Re. Metal foil samples inontact with graphite were annealed at
temperatures in the range D608 F-2293F, until equilibrium had been reachd&darboncontent
was determined by a combusti@ranalysis methodsing NBS (National Bureau of Standards)
standards focalibration. The solubility of carbon in theur metals was lowand increasedavith
temperature. Solubility is defined as the atom rati@arbon tometal. Carbonwas the least
soluble in Ir, followed by that ifRh, Ru,and Re, withcarbon solubilities in Ir beingeveral times
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lower thanfor the othermetals, with thedifference being predominant at high temperatures. In
rhenium, the solubility otarbon ranged from 8.52E-4 8608°F to 170.0E-4 at 2293°F. The
solubility of carbon in rhodium ranged from 8.70 x*14t 1508°F to 75.0 x Y0at 2293°Fwith a
peak 0f118.0 x 10 occurring at thentermediate temperature @fl56°F. Inthe carbon-iridium
system, the solubility of carbon rangiedm 3.28 x 10 at 1508°F to 25.2 x YOat 2293°F. The
solubility of carbon in ruthenium ranged from 9.95 X A0 1508°F to 125.0 x TGt 2293°F.

Hamilton et al’. characterized diffusion-related changes in samples taken from a Mo thruster
manufactured by CVDThe thruster consisted of a Mo mandrel and had aubO Ir coating
followed by a 2 mm Re coating on it. The Mo mandrel was etelay after thethruster was
fabricated. In an un-annealed sample taken from the thrustemalBRe interdiffusionlayer, and
two interdiffusion layers of IrMo and,vlo (2-3um in total thicknessyvere observed. Iraddition,
adjacent to the Ir/Riterface, a 4Qum region of the Reoating, containing small voids wadso
evident. X-ray diffraction analysis of the un-annealed sample showed the average grain size in the Ir
coating to be 1Qum while that in the Rdayer to be~400 um. Fromthree annealed samples
(2552F for 14 hours3092°F for 8 hours, an@452F for 8 hours), itwas determined that no
significant grain growth occurred during extended anneals at temperature245216. However,
additional void growth was observefor the sample annealed au52°F. The width of the
interdiffusion zone inwhich Rediffusedinto Ir increasedvith temperature and had widths of 10
pum, 20um, and 4Qum at temperatures of 2592 3092F, and 3452 respectively.

Titanium Diboride

TiB, coatings on Mo-Re, teerve adgliffusion barriers for useetweenMo-Re and Cyere

developed by the Advancet@lechnology CoatingsFt. Worth, TX. Results ofthe study on
interdiffusion of carborwerereported for Mo-Recoated with carboriylo-Re coated with TiB/C,

and Mo-Re coated with THC/SIC* These alloy samples had not been heated edceipiy the

CVD process. Results of this study are summarized as follovilse Mo-Re sample coated only
with C, Mo diffused into the C coating, but no C diffused intoghiestrate. Iraddition, nocracks
were detectible at theoating-substrate interface. In th®-Re sample coatedith TiB,/C, no C

was detected in the substrate; also, no craeks visible at theoating-substrate interface. Next to
the substrate, a Ti-rich layer was seen. Neither C or Mo was observed in jHay&iBDiffusion

of Mo from the substrate intilhe C was not apparent. Detection of B in the inter-layers and also
the substratewas extremely difficult. In théo-Re sample coatedvith TiB,/C/SIC, the outer

surface showed onlyi. It was believed that the @nd SiC layers had broken off during
metallographic sample preparation. No C or Ti was detected in the substrate, however.

Molybdenum Disilicide

Govindarajan et & investigated coatingystemshat had the potential tprovide oxidation
protection and prevent the C andd#fusion into a Mo substrate. They pointed dlé problems
associateavith usingMoSi, as a diffusion barrierThe CTE ofMoSi, does noimatch that of a
Mo substrate (CTE at 1832°F for Mg&i reported to be 5.2 x 2¢* while for Mo it is 3.7 x 10
FY. In addition,MoSi, exhibitslow creep strength at higiemperatures, with thdiffusion of Si
into Mo promoting the embrittlingilicides®* A multilayer coating of Mo and Si wassed to
alleviate the CTE mismatch. The reasoning was that silicon, in excess of that ndoedsanying
stoichiometricMoSi,, would minimize thdormation of silicides. However excessivsilicides did
form.* Efforts at matching the CTE of Mo by usindager of MoSi, + 1.96 molesSiC was not
beneficial, either. Annealing at 1832°F caused the formation g&ivemd MQSi, with aresulting
deleterious change in the CTE of the silicitiger’ Based on thisvork, a newcoating system
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was developed. The newoating system consisted of a Mo substrditat was coated with a
diffusion barrier (based on the Mo-Si-C-N quaternary system) to prevent the diffusion of C and Si
into thesubstrate. On top dhe diffusion barrierlayer, alayer of MoSi, + 1.96 molesSiC was
applied. This was followed by a thick layer of B- and Ge-doped Md3ie doping helps tlower

the viscosity of the glassy, self-healing ox{@QO,) thatforms onthe surface ashe MoSi, layer
oxidizes. Thissilica scale serves asddfusion barrierfor oxygen.The diffusion barrierapplied

onto the Mo substrate was chosen based on promising results by a research grougaandsos
National Laboratory and the Technical Research Center of Finland in whichNVipBtvented the
formation of silicides up to 1652°F (the highest temperature investigatedhe diffusion barrier

used byGovindarajan et &f, wasreactivesputtered ontethe Mo substrate. lwas comprised of
Mo-Si-C-N, and had an undetermined stoichiometrivlofSiN,C,. Annealing was conducted in a
vacuum at 1832°F (the highest temperature investigated) for 30 minutes. Silicides and carbides did
not form inthe Mo substrate.The effectiveness of theiffusion barrierlayer in preventing the
diffusion of C and Sivas attributed to itamorphous nature. powder form ofthe Mo-Si-C-N
diffusion barrier as well as a sample of Mo foil coatégth the Mo-Si-C-N diffusionbarrier layer

and the MoSi+ 1.96 molesSiC composite layewerestable up to temperatures 2800°F in an
oxidizing environment. Thauthor$® suggesthat apromisingarea of investigation would be the
amorphous layers of nitrided refractory metal silicides in the form &i,M,, where Mrepresents

Ta, W, Mo, etc. It was recommended thatSiawould be agoodsilicide to nitride since it is one

of the best Si diffusion barriers among these silicides, which are more effective Si diffusion barriers
than the MSjsilicides?’

Overview

Incompatibility betweerMo-Re andother refractorymaterials, in theform of joints and
coatings, can degrade the mechanpralperties of Mo-ReTwo major issues ofincompatibility
include chemical incompatibilitgnd the CTE mismatchWhile chemical incompatibility can lead
to embrittlement oMo-Re throughformation of carbides and/or silicides, the CTE mismatch can
lead to apoorly protected or aexposed Mo-Re substrawith inadequate protection against a
hostile oxidizing service environment.

The literaturereview conducted hithertdias facilitated identification of compatibilityssues,
classes ofmaterials thatpoorly match with Mo-Re, and thosematerials thathold promise as
diffusion barriers. As generalrule, all sources of C and S$hat lead to formation of detrimental
carbides and silicides in Mo-Re should be avoidddwever, asilicon-bearing systerauch as the
M Si,N, may still be worthconsidering as a diffusion barrigrCeramic coatings of nitrides or
borides are also an area worth exploring. Nitrogen has been observed to be comiiatsigeeral
refractory metal$® Potentiallyuseful nitridesare ZrN, TiN,HfN, and BN. These nitrideshave
fairly high meltingpoints (2980°C, 2930°C, 2852°@nd 2300°Qespectively)andhave relatively
low densities compared to nitridssich asthe TaN*®* Some workhas been donewith TiN
coatings on Mo and SiC. It appears that the relatively high CTE of TiN may preclude,itsless
an appropriate intermediate layer that provides a transition in thexpainsions is used?™°
Possible useful borides are HfBraB,, W,B,, ZrB, and TiB, A critical literaturereview of these
borides, with particular reference to their chemaadl thermalexpansioncompatibilities, may help
narrow the scope of future developmental studies.

Issues ofconcern in targeting elements frotine Ptgroup as possible diffusiobarrier
coatings are density, CTE, temperature capabditglmaterial compatibility Eventhough acertain
metaldoes notreact with Cand/orSi, it maynot necessarily render itself as a suitatdedidate
material for diffusion barrier coating. For example, Re isveof reactive with C or Shut C and
Si can easilydiffuse throughthe Re layer into the Mo substrate, dodn substrate Mo carbides
and/or silicides.
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From the Pt group of metals, Os, Ir, and Ru (wipective densityCTE, and melting points
of 22.2 g/cm, 2.8 ppm/°F and 5513°F for Os; 22.4 ¢gicB6 ppm/°F and370°F forlr; and 12.2
glen?, 3.6 ppm/°F andt190°F for Rtf), are potential candidates difusion barrier coatings
between Mo-Re, carboand SiC. Ir is aiable diffusion barriercoating due to its provetmack
record as a rocket thruster coatimgterial,and also due to itfavorable compatibility with R&>*.
Pt and Pd, on the other hand, may not serve as useful candidate diffusion barrier cwagngks.
This is because thelyave relatively lowmelting points andrelatively high CTE (with respective
density, CTE, and melting point of 21.4 gfcm.9 ppm/°F an®@222°F forPt; and 12.@Qy/cn?, 6.5
ppm/°F and 2826°F for giﬂ Also, carbidesthat form throughinteraction of Pt and Gaveeven
lower melting points than Pt.
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